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Abstract
 .Rb C single crystals T s31"0.5 K have been investigated by Raman spectroscopy as a function of temperature3 60 c
with respect to phonon and electronic scattering. One of the intermolecular RbyC phonons observed showed changes60
upon cooling below the superconducting transition temperature indicating a strong coupling to the electronic system. Special
attention was given to the electronic Raman scattering cross section of Rb C . A clear reduction of the scattering intensity3 60
for low frequencies has been observed below T . This reduction is identified as the opening of the superconducting energyc
gap for which we find 2 Drk T s4.0"0.5. This value was observed for several different scattering symmetries, inB c
agreement with the proposed s-wave superconducting order parameter. q 1998 Elsevier Science B.V. All rights reserved.
PACS: 74.70.Wz; 74.25.Gz; 78.30.-j
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1. Introduction
The discovery of superconductivity in alkali-
metal-doped C at relatively high transition temper-60
w xatures 1,2 was another big surprise after the discov-
ery of high-T cuprate superconductors. In the re-c
lated graphite intercalation compounds, such as RbC8
 .T s0.15 K , the superconducting transition temper-c
ature is a factor of 10–200 lower. The initial discov-
ery of superconductivity in K C sparked an in-3 60
tense research effort in order to understand the
) Corresponding author. Tel.: q49-241-807058; Fax: q49-
241-8888306; E-mail: gerd.els@physik.rwth-aachen.de
mechanism and superconducting properties of alkali
w xmetal doped fullerides 3 .
The dependence of the transition temperature on
the lattice constant gave strong indication that the
superconductivity is induced by electron–phonon
coupling, i.e., the weak coupling BCS formalism
w xshould be applicable 4,5 .
The half occupied LUMO lowest unoccupied
.  .molecular orbital in the A C AsK, Rb com-3 60
pounds has t symmetry. Group theory predicts that1u
these states couple to the A and H intramolecularg g
w xphonon modes 6–8 . Since these are just the phonon
modes that are allowed in Raman scattering, this
technique should be highly suited to provide valu-
0921-4534r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
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able information about the electron–phonon cou-
pling.
The phonons are spread over a wide frequency
range starting from roughly 20 cmy1 for the inter-
molecular modes up to 1600 cmy1 for the intra-
molecular phonon modes. This lead to a discussion
w x w xwhich of the intermolecular 9–13 , the high 7 or
w x w xthe low frequency 14,15 or all 16 intramolecular
modes couple predominantly to the electrons and are
therefore responsible for the superconductivity of the
A C compounds. Values reported for the elec-3 60
tron–phonon interaction l are in the range 0.2–2.1
w x7,14–20 , with the general tendency that the low
l-values will involve the high frequency phonons
and the high l-values require the low frequency
phonons to couple predominantly to the electrons.
To confirm the ideas of phonon mediated super-
conductivity it is also important to determine the
reduced gap value 2 Drk T , which in the weakB c
coupling limit should be 3.52. The early works gave
values for the gap which did not answer the question
whether the A C compounds are strong or weak3 60
coupling superconductors, see for instance Refs.
w x21,22 . These works seemed to be strongly influ-
enced by a poor quality of the available samples at
that time. Recent investigations on high quality sam-
ples gave values for 2 Drk T between 3.45 and 4.2B c
w x23–26 .
Using electronic Raman scattering one may deter-
mine the superconducting gap by the observation of
changes of the electronic scattering intensity upon
cooling below T . Generally, electronic Raman scat-c
tering arises due to mass fluctuations of electrons
near the Fermi surface, yielding a broad scattering
continuum in the spectra. As a consequence of the
redistribution of the density of states in the supercon-
ducting state, one expects a decrease of the elec-
tronic scattering intensity for frequencies below 2 D.
In addition, polarization dependent measurements
may provide information about the symmetry proper-
w xties of the order parameter 27 . Although electronic
Raman spectroscopy was successful in determining
the superconducting gap and the symmetry of the
order parameter in high-temperature superconductors
 . w xHTSC 28 , no clear results have been obtained so
far for the A C compounds. Preliminary Raman3 60
investigations on low quality powder samples T sc
.28 K yielded a reduced gap value of 2 Drk T s7.7B c
w x"1.1 29 . With the availability of high quality
single crystals with strongly improved superconduct-
ing properties it is worthwhile to make a more
thorough investigation of the superconducting prop-
erties on Rb C using inelastic light scattering. We3 60
therefore decided to perform temperature and polar-
ization dependent Raman scattering experiments on
Rb C single crystals in order to obtain more3 60
definitive insight into the coupling mechanism as
well as towards the magnitude and symmetry of the
superconducting order parameter.
2. Experimental
The Rb C single crystals used in this work were3 60
obtained by annealing high purity sublimation grown
 3.C single crystals 6=2=2 mm with a stoichio-60
metric amount of rubidium. The doping level was
checked by Raman measurements of the position of
 .the A 2 mode. The Rb C samples had T s31g 3 60 c
"0.5 K, measured by dc susceptibility using SQUID
magnetometry. The transition width, defined as the
temperature difference between 0.1 x and 0.9 x ,m m
where x is the magnetic susceptibility, was foundm
 .to be relatively sharp f3 K . The superconducting
Meissner phase for Hs2 G was about 8–12%
 . calculated from the ratio x field cooled rx zerom m
.field cooled .
For the Raman measurements we used the 514.5
nm excitation line of an Arq-laser in a quasi-back-
scattering geometry. The incident power was kept
below 4 Wrcm2 to avoid any photoinduced effects
or additional heating in the laser focus. To prevent
degradation of the Rb C single crystals great care3 60
was taken to avoid any contact with air or oxygen
throughout the preparation and the experimental pro-
cedures. A special sample holder was constructed to
mount the sample under oxygen-free conditions into
the cryostat. The samples were cooled in He contact
gas in the temperature range of 4.2–300 K. The
scattered light was analyzed using a Dilor XY spec-
trometer with a liquid nitrogen cooled CCD detector.
3. Results and discussion
The symmetry of the free C molecule is I . The60 h
Raman selection rules give A qH symmetry com-g g
ponents for parallel and H for crossed polarizationg
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of incident and scattered light. As usual we will
indicate in the following the intramolecular modes
according to the I point group. Rb C singleh 3 60
5 . w xcrystals have the structure Fm3m O 30 . Theh
crystals used in this study showed faces with inter-
planar angles of roughly 908 and 1108 which are
 4  4identified as the 100 and 111 faces, respectively
w x31 . Polarized Raman scattering experiments on the
different natural crystal faces allow one to partially
separate the excitations according to their crystal
 4symmetry. Measurements on the 100 face give the
A qE symmetry components for parallel polariza-g g
tion and T qT for crossed polarization. On the1 g 2 g
 4111 face the parallel polarization gives A qE qg g
T and crossed polarization E qT symmetry2 g g 1 g
components. The electronic properties should in
principle exhibit the full crystal symmetry. Conse-
quently, we will denote the intermolecular phonon
modes and the electronic scattering contribution ac-
cording to the crystal symmetry.
Fig. 1 shows polarized Raman spectra recorded at
4.2 K and 35 K for three different scattering geome-
w  .  .tries Fig. 1 upper parts, a A qE , b E qT ,g g g 1 g
 . xc T qT . The 35 K spectra were shifted up-1 g 2 g
wards for clarity. Note the logarithmic intensity scale
in the upper part of Fig. 1a. The spectra show the
 . y1A 1 at 496 cm and the two H intramolecularg g
phonon modes at 263 and 410 cmy1. Additional
peaks are observed at 478, 520 and 546 cmy1. They
can be attributed to gerade modes of the molecule
w xactivated through the crystal field 32 .
Fig. 2 shows the A qE spectra from Fig. 1a ing g
the frequency range from 10 to 200 cmy1. A spec-
trum observed at 10 K is shown additionally. Two
weak peaks are observed in the 4.2 K spectrum,
centered at roughly 41 and 84 cmy1, respectively.
The modes are also clearly observed in E qTg 1 g
 .scattering geometry Fig. 1b , whereas in the T q1 g
T geometry, though also observable, they are less2 g
 .pronounced Fig. 1c .
The peak at 84 cmy1 with a full width at half
 . y1maximum FWHM of 9 cm shows a significant
broadening and softening by raising the temperature
above T . At 35 K the mode remains observable as ac
broad structure. The FWHM was estimated to be
roughly 20–30 cmy1. The center of the phonon has
 .  .  .Fig. 1. Raman spectra of a single crystal of Rb C for the scattering symmetries A qE a , E qT b and T qT c . The upper3 60 g g g 1 g 1 g 2 g
parts show the original spectra obtained at 4.2 K and 35 K. The 35-K spectrum has been given an offset for clarity. Please note the
 .  .logarithmic intensity scale in a . The lower part shows the normalized spectra I rI . The gap position is indicated.4.2K 35K
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 .Fig. 2. Raman spectra of Fig. 1a A q E on an expanded scaleg g
from 10 to 200 cmy1. The original spectra at 4.2 K and 35 K are
shown in the upper part. A spectrum observed at 10 K is shown in
addition. The 10-K and 35 K spectra have been given an offset for
clarity. The dashed line is a guide to the eye indicating the shape
of the scattering background. The estimated peak positions of the
T phonons are indicated. The lower part shows the normalized2 g
 .spectrum I r I .4.2K 35K
shifted to lower frequencies and was estimated to be
at 78 cmy1. The 41 cmy1 mode shows no obvious
dependence on the temperature.
These low frequency modes are assigned to the
intermolecular vibrational and librational modes of
the crystal. Group theory yields a T Raman active2 g
intermolecular vibration and a T libration mode for1 g
the disordered Fm3m space group. Because libration
modes are expected to have lower energies than the
intermolecular vibration modes we can assign the 41
cmy1 excitation to the T libration and the 78 cmy11 g
 .Ts35 K excitation to the T intermolecular vi-2 g
bration mode. The position and width of this vibra-
tion mode at 35 K is comparable to a reported mode
observed at 300 K which was attributed to a disorder
 .induced density of states DOS of the T Rb–C2 g 60
w xvibration 33 . The observed spectra for different
 .scattering geometries Fig. 1 imply that the Rb–C60
y1  .phonon at 78 cm Ts35 K should not have pure
T symmetry and may also be influenced by disor-2 g
der. Two other modes at 30 and 41 cmy1 were
observed in a Raman scattering study on C single60
w xcrystals 34 . They were suggested to belong to C60
libration modes. Besides the 30 cmy1 mode which
could not unambiguously be observed by us, our
measurements are in agreement with previous results
w x33,34 .
The changes in width and position of phonons due
to a superconductivity-induced self-energy renormal-
w xization were investigated in Ref. 39 for high-Tc
superconductors. It was shown that phonons with
frequencies vr2 D-1.1, which seems to be the
appropriate assumption in our case, should show a
softening of the peak position and a decrease of the
width below T , which can be explained by thec
reduced electronic DOS in this frequency and tem-
perature region. The reduction of linewidth observed
in our Rb C spectra seems therefore to be consis-3 60
tent with this theory. However, the observed phonon
DOS for T)T imply that the observed effectsc
might not be explained properly by such a model.
The reduction of the width and also the shift to
higher frequency of the 78 cmy1 Rb–C vibration60
upon reducing the temperature below T clearlyc
shows that these effects are superconducting in-
duced. This supports the idea that the low frequency
intermolecular modes play an important role for the
electron–phonon coupling in A C . In general it is3 60
believed that intermolecular modes play only a mi-
nor role for the superconductivity in fullerides be-
cause isotope effect measurements showed no signif-
icant change of the transition temperature upon dop-
w xing with different alkali isotopes 35–37 . However,
w xas was pointed out in Ref. 37 , although the contri-
bution of the alkali modes to T is at best small, thec
contribution of a low-frequency alkali mode to the
electron–phonon coupling can be substantial. The
role of intermolecular phonon modes for supercon-
w xductivity was also confirmed by other authors 10,11 .
Experimental hints for the importance of low fre-
quency intermolecular modes came from resistivity
 .and inelastic neutron scattering INS experiments
w x13,38 . Especially the INS data showed a weak
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anomalous temperature dependence of low energy
phonons in K C at T . Our Raman data show also3 60 c
directly the relationship between the intermolecular
modes and superconductivity.
A comparison between spectra with different scat-
tering symmetry shows a difference in the shape of
the electronic scattering continuum Fig. 1, upper
.  .parts . For A qE Fig. 1a the continuum appearsg g
to be nearly constant in the region from 700 cmy1
down to 150 cmy1. Below 150 cmy1 the Rayleigh
scattered light leads to an enhancement of the inten-
 .sity. For E qT Fig. 1b and more pronouncedg 1 g
 .for T qT Fig. 1c the electronic scattering con-1 g 2 g
tinuum is constant between 700 and roughly 450
cmy1 and decreases linearly to lower frequencies.
A comparison of the intensity of the spectra in
Fig. 1a and b clearly shows that the electronic scat-
tering in the A qE spectrum is dominated by theg g
A component. The A component is by a factor 8g g
to 10 larger than the other symmetry components.
The A contribution in electronic Raman scatteringg
is normally assumed to be weak due to the screening
of isotropic charge fluctuations by long range
Coulomb interactions. A similar strong scattering in
the A channel, however, has been observed ing
w xHTSC 40 .
w xIt was emphasized in Ref. 40 that a multisheeted
Fermi surface gives rise to an enhanced scattering
contribution of the A channel in HTSC, because theg
mass fluctuations between different sheets of the
Fermi surface are not screened. Several authors in-
vestigated the band structure and Fermi surface of
w xA C compounds 41–47 . It was found that for the3 60
orientationally ordered case the Fermi surface con-
sists of two multiply-connected sheets which are
w xinterlinked 42,46 . This complicated structure of the
Fermi surface has several possible electron and hole
orbits. Unscreened scattering between these orbitals
can be responsible for the dominating A scatteringg
contribution observed in our spectra. Theoretical cal-
culations implied that the t and h molecular2 u g
bands are around 2.4 eV above the Fermi energy
w x42,48 . In view of the used laser excitation energy
 .2.4 eV a resonant interband scattering process in
these bands may also be possible which can also lead
to an enhanced scattering in the A channel.g
To detect changes in the electronic scattering
intensity the spectra at 4.2 K were normalized to the
spectra that were obtained just above T at 35 K.c
Such normalized spectra are shown in the lower
parts of Figs. 1 and 2. At frequencies between 700
and 100 cmy1 the relative scattering intensity is
nearly constant. At roughly 85 cmy1 the intensity
shows a sudden decrease clearly reflecting the open-
ing of a gap in the superconducting state.
Fig. 3 shows the normalized A qE spectra forg g
several temperatures, both below and above T . Thec
spectra obtained below T show the sharp decreasec
of the scattering intensity below roughly 85 cmy1.
By raising the temperature up to 10 K the onset of
the decrease shifts to slightly lower frequencies. For
comparison a normalized spectrum recorded at 50 K
is shown. It clearly does not show a decrease of the
scattering intensity for v“0, confirming our as-
signment of the decrease below T to a redistributionc
of the electronic density of states due to the transi-
Fig. 3. Normalized Raman spectra of a single crystal of Rb C3 60
obtained in A q E scattering symmetry for the temperatures 50g g
 .K, 10 K and 4.2 K from the top . The spectra have been given an
offset for clarity. The gap position for T -T s31 K is indicated.c
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tion to the superconducting state. The decrease of the
intensity varied from 5 to 50% for the different
scattering symmetries at temperatures well below Tc
 .Fig. 1, lower parts .
The previously discussed Rb–C vibration has60
nearly the same energy as the frequency position of
the gap. Since the presence of this mode may influ-
ence the above discussed results, we have also calcu-
lated the normalized spectra after substraction of the
phonon contribution. The thus normalized spectra
 .not shown here again showed the decrease in the
scattering intensity due to superconductivity, but with
a smeared out edge, and a less sharp decrease in the
scattering intensity. Nevertheless, the gap value of
2 Ds85"10 cmy1, extracted using the original
spectra, holds within the specified accuracy.
We did not observe any pileup of the scattering
intensity at the gap energy typical for an enhance-
 .ment of the density of states DOS at the gap edge
in the superconducting state. Such an enhancement
with a clear peak was seen in Raman spectra of the
A-15 compounds Nb Sn and V Si, which are typical3 3
w xs-wave superconductors 49 . Our observation is in
w xgood agreement with previous photoemission 24 ,
 . w xnuclear magnetic resonance NMR 25,50 , and
 . w xmuon spin relaxation mSR 51 experiments on
A C compounds, which also indicated the absence3 60
or weakness of a pileup in the DOS. A possible
explanation for a low DOS at the gap edge might
originate from the orientational disorder of the A C3 60
compounds. It is known that the DOS at the Fermi
level in the normal state is smeared out and slightly
w xreduced due to orientational disorder 43,47 , which
in turn may lead to a smearing of the pileup peak in
the DOS in the superconducting state.
Using 2 Ds85"10 cmy1, we find a gap ratio
2 Drk T s4.0"0.5. This result is independent ofB c
the scattering geometry and in agreement with earlier
w xresults 21–26,29 . The relatively high value may
indicate strong electron–phonon coupling as the ori-
gin of superconductivity in fullerides which is also
consistent with our observation that low frequency
intermolecular phonons play an important role for
the superconductivity.
To discuss the observed gap value one has also to
discuss the electronic properties of the A C com-3 60
pounds. The symmetry of the electronic band at the
Fermi level is the threefold degenerated t -band.1u
The possible pair fields in A C were discussed in3 60
w xRef. 46 . Besides the symmetric A pair field twog
combinations of an E doublet were discussed. Byg
comparing the pairing susceptibility it was found that
the symmetric channel should be favored but that the
anisotropic channel has only a slightly smaller sus-
ceptibility. The real and axial anisotropic pairing
field of E symmetry results from a simple and ag
complex combination of the E manifold, respec-g
tively. The quasiparticle spectral densities show dif-
ferent positions of the logarithmic maxima and also a
different behavior for energies smaller than the gap
energy. For an axial pairing state the position of the
logarithmic singularity in the quasiparticle spectrum
was interpreted as the gap value and was found to
2 Drk T s4.6 with a non BCS-like temperatureB c
dependence.
Our relatively high value for the reduced gap
value may support the idea of an anisotropic pairing
field. However, the polarization dependent measure-
ments show the same superconducting gap value for
different scattering symmetries. The gap is observed
as a step-like edge and the intensity ratio below the
gap shows no frequency dependence, neither a linear
nor a cubic decrease for v“0. A d-wave order
parameter, like in high temperature superconductors,
w xis ruled out by this observation 52 .
When one takes a possible influence of disorder
into account, an anisotropic gap would be smeared
out and becomes more symmetric also leading to a
gap value independent on the scattering symmetry.
As was discussed previously: especially rotational
disorder seems to be an inherent feature in A C3 60
w xcompounds 30 . A possible anisotropy of the super-
conducting energy gap may therefore be smeared out
and may lead to a gap, which is intrinsically
isotropic, not only for Raman but also for other
experiments probing the macroscopic superconduct-
ing state. Such an isotropic gap, influenced by disor-
der, should lead not only to a gap value independent
of the scattering geometry but also to in-gap states
w x53 which are responsible for the only maximum
30% reduction of the scattering ratio observed by us.
Therefore, we conclude that the symmetry of the
superconducting order parameter should have
isotropic s-wave character for Rb C .3 60
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4. Conclusion
Rb C single crystals were investigated by Ra-3 60
man scattering. The intermolecular phonon at 78
y1  .cm Ts35 K shows an upshift of the peak
position and a reduction of the width in the super-
conducting state. These changes strongly indicate
that low frequency intermolecular phonon modes
give a significant contribution to the electron–pho-
non coupling in A C compounds. The observed3 60
suppression of the electronic scattering intensity be-
low 85 cmy1 in the superconducting phase has been
assigned to the opening of the superconducting gap,
leading to a gap value 2 Drk T s4.0"0.5. ThisB c
relatively high value strongly suggests a strong cou-
pling scenario for the superconductivity in the ful-
lerides. Because the spectra show the decrease in all
measured scattering symmetries at the same position
we can fix the order parameter in Rb C to have3 60
isotropic A symmetry.g
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